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ABSTRACT The specific assembly of heterogeneous nu-
clear RNA-protein complexes (hnRNPs) containing precursor
(3-globin RNA was Investigated by using the 50S hnRNP
released from chicken reticulocyte nuclei by endogenous
nuclease. The nuclease-resistant regions were mapped on adult
,8-globin intervening sequences (IYS) at the resolution of
nucleotides with an RNA mapping method [Patton, J. R. and
Chae, C.-B. (1983) J. Biol. Chem. 258, 3991-3995]. We found
that there is one 28-nudeotide-long nuclease-resistant region in
the first IVS and there are four nuclease-resistant regions in the
second IVS. Of particular interest is the presence in 50S hnRNP
of a nuclease-resistant region (24-28 nucleotides long) in both
IVS immediately upstream from the putative lariat branch site
in an RNA splicing intermediate. Our results demonstrate that
hnRNPs containing precursor (3-globin RNA are, like those
containing mature (3-globin RNA, assembled in a site-specific
manner.
During transcription, gene transcripts are assembled into
RNA-protein complexes, which are termed heterogeneous
nuclear RNA-protein complexes (hnRNPs) (1, 2). The
hnRNPs range in size from 50 S to >200 S (3) and have a
beaded appearance in electron micrographs (4, 5). A particle
between 30 S and 50 S can be generated if large hnRNPs are
digested with minimal amounts of various nucleases. These
particles are considered the basic structural unit ofhnRNP (6,
7) and are composed of six major proteins with molecular
weights between 30,000 and 45,000 (7-11). The interaction of
proteins and RNA is not weak or transient because the major
proteins can be crosslinked to RNA with UV light in situ (12).
The reason for packaging RNA in these hnRNPs is not
known. The hnRNP proteins could simply serve a protective
function to keep the transcript from being degraded before
the maturation process is complete. These proteins could
stabilize or induce an RNA structure that is favorable for
processing. Alternatively, some of th'ese proteins could
actually take part in the processing ofthe transcript. One way
to begin to clarify the function of the hnRNP proteins is to
identify specific interactions between proteins and RNA.
Studies with the electron microscope have shown that
hnRNPs are assembled ni~nrandomly in vivo (13). The spe-
cific assembly of hnRlNP also has biochemical support
(14-17), and we have/found that processed 3-globin RNA is
assembled into hnkNP in a site-specific manner in chicken
reticulocytes (18).
Our recent work dealt with defining the nuclease-resistant
regions in the exons of processed /3-globin RNA in hnRNP in
the nucleus (18). In this report, we investigated specific
assembly of hnRNP involving precursor /3-globin RNA by
examining nuclease-resistant regions of the intervening se-
quence (IVS) in 50S hnRNP at the resolution of nucleotides.
There is one small nuclease-resistant region in the first IVS,
and there are several regions in the second IVS. Of particular
interest is the presence of a nuclease-resistant region (225
nucleotides) in both IVS immediately upstream from the
putative lariat branch sites in the lariat splicing intermediates
(19). These results suggest that hnRNPmay play an important
role in RNA splicing.
MATERIALS AND METHODS
Preparation of 50S hnRNP. The 50S hnRNPs released as a
result of endogenous nuclease digestion were isolated from
the nuclei of chicken reticulocytes by sucrose gradient
centrifugation as described (18, 20). The gradient profiles and
the protein patterns of the 50S hnRNP preparation have been
reported (20).
Preparation of Single-Stranded DNA Probes. Overlapping
DNA fragments containing parts of the first IVS, the second
exon, and the second IVS were inserted into either the HincII
or Pst I sites ofM13 mp7RF. Fig. 1 is a diagram ofthe regions
of adult 13-globin gene contained in each recombinant phage.
The numbers are based on the transcription start site iden-
tified by Dolan et al. (21) and refer to their numbering system.
The orientation of the inserts was such that the phage
recombinants would hybridize to ,3-globin RNA.
Single-stranded /-globin DNA was excised from the phage
DNA with BamHI (22) and labeled at the 5' end with T4
nucleotide kinase and [y-32P]ATP (7000 Ci/mmol; 1 Ci = 37
GBq; ICN) as described by Maniatis et al. (23).
RNA Mapping. The RNA mapping method has been
described (18, 24), but it will be described here because of
some minor modifications. Nuclease-resistant RNA was
mapped on the eight probes shown in Fig. 1. A single-
stranded DNA probe (20,000 cpm; 5-10 x 106 cpm/pg) was
mixed with 50 ,ug of RNA (an appropriate amount of yeast
RNA was added to adjust the concentration of RNA) in 0.4
M NaCl/10 mM Tris HCl, pH 7.5/1 mM EDTA (final vol, 50
1ul). The tubes were heated at 90'C for 2 min and incubated
for 16 hr at 680C. The samples were precipitated with 2.5 vol
of ethanol. The dried pellet was taken up in 0.4 ml of 30 mM
sodium acetate, pH 4.6/50 mM NaCl/1 mM ZnSO4/5%
(vol/vol) glycerol, and digested with S1 nuclease (8 units) at
420C for 30 sec. The reactions were stopped by adding EDTA
to 10 mM, and after adding sodium acetate to 0.3 M, the
nucleic acids were precipitated with ethanol. The RNA was
hydrolyzed with 100 1.l of0.3 M NaOH at 680C for 30 min and
the base was neutralized with 0.6 M HCl and 20 ttl of 1 M
Abbreviations: hnRNP, heterogeneous nuclear RNA-protein com-
plex; IVS, intervening sequence(s).
*Present address: Cell Biology Group, Worcester Foundation for
Experimental Biology, Shrewsbury, MA 01545.
tTo whom correspondence should be addressed.
8414
The publication costs of this article were defrayed in part by page charge
payment. This article must therefore be hereby marked "advertisement"
in accordance with 18 U.S.C. §1734 solely to indicate this fact.
Proc. Natl. Acad. Sci. USA 82 (1985) 8415
EXON I IVS I EXON 11
ILIl l









FIG. 1. The chicken adult ,3-globin gene fragments used as probes. The adult P-globin gene with numbering relative to the transcription start
site identified by Dolan et al. (21) is shown with exons and IVS. The gene fragments used as probes are shown as a set of brackets below the
map. The number of the beginning and ending nucleotide included in each probe is indicated at the end of each bracket.
Tris HCl (pH 7.5). The probe was precipitated with ethanol
after addition of 5 gg of carrier yeast RNA. The dried pellet
was dissolved in formamide loading buffer (25), heated, and
loaded onto a sequencing gel.
DNA Sequencing. The method of Maxam and Gilbert (25)
was used to sequence the 5'-end-labeled probes.
Preparation of Precursor and IVS 1-Globin RNA by in Vitro
Transcription. The full-length P-globin gene (pG/11) and the
first IVS (pSP65-IVSB) were inserted into the plasmid
pSP65, and the globin RNAs were transcribed by SP6 RNA
polymerase as described by Melton et al. (26). Details of the
construction of these plasmids will be described in detail
elsewhere. The IVS transcript is complementary to in vivo
globin RNA and the precursor RNA is in the same sense as
the in vivo globin RNA.
RNase T1 Digestion of Precursor (-Globin RNA. Tran-
scripts from the SP65 recombinant containing the entire adult
/3-globin gene (pGP311) (2100 cpm/ng, 6.5 x 105 total cpm)
were dissolved in 125 1.L of 0.4 M NaCl/10 mM Tris HCl, pH
7.5/1 mM EDTA/0.1% NaDodSO4/yeast RNA (1 mg/ml).
The mixture was heated at 90'C for 2 min and incubated at
680C for 16 hr to form the secondary and tertiary structures.
The reaction was mixed with 1 ml of 50 mM Tris HCl, pH
7.5/50 mM NaCl/2 mM EDTA. The sample was equilibrated
at 30'C, an aliquot was taken at time zero, and RNase T1 (230
units; Worthington) was added. Aliquots were taken at
various intervals and digestion was stopped with phenol/
chloroform. After yeast RNA was added as a carrier, all the
samples were extracted with phenol/chloroform and precip-
itated with ethanol. The RNA samples were used in RNA
mapping experiments.
RESULTS
Specific assembly by hnRNP containing precursor /3-globin
RNA was investigated by mapping the nuclease-resistant
RNA of 50S hnRNP on the IVS of /3-globin gene sequences.
The 50S hnRNP has been regarded as the basic structural unit
of hnRNP and can be obtained by mild digestion with
nuclease (6-11). In this report, 50S hnRNP released by
endogenous nuclease digestion of chicken reticulocyte nuclei
was puritied by sucrose gradient centrifugation. As shown in
our earlier report (20), the hnRNP preparation shows a
protein pattern that is very similar to those reported by others
(7-11). The globin RNA associated with 50S hnRNP is 20-80
nucleotides long and most likely is due to nuclease resistance
because of a close interaction with protein (18). This notion
was supported by our previous experiments with whole
reticulocyte nuclei digested with micrococcal nuclease: the
nuclease-resistant RNA obtained from whole nuclei after
extensive digestion with micrococcal nuclease and the RNA
from 50S hnRNP gave essentially the same pattern of
nuclease-resistant regions in the exons of f3-globin RNA (18).
Also, protein migration during the preparation of nuclease-
resistant RNA was discounted by UV crosslinking experi-
ments (18): for example, the nuclei exposed to UV light gave
patterns of nuclease-resistant regions identical to those from
nontreated nuclei. Protein-free globin RNA was completely
digested by micrococcal nuclease under the conditions used
for digestion of nuclei. Micrococcal nuclease digests both
single- and double-stranded RNA and DNA, so very little of
the nuclease-resistant RNA associated with 50S hnRNP will
be protein-free RNA. Thus, the RNA extracted from 50S
hnRNP is the best in vivo source of nuclease-resistant RNA,
and it was used in this study for mapping the nuclease-
resistant regions on the IVS of the /3-globin gene.
The amount of /3-globin precursor RNA is =0.01% of the
total nuclear RNA (27). This percentage is too low to
facilitate mapping of the nuclease-resistant RNA, but when
50S hnRNP are isolated there is 10-fold enrichment of
,B-globin RNA. This brings the percentage of precursor up to
0.1%, which makes it feasible to carry out the RNA mapping
experiments described here. The amount of mature globin
RNA is -40-fold higher than that of precursor globin RNA.
This makes mapping of nuclease-resistant RNA on the exons
of precursor globin RNA difficult. Therefore, we focused on
the mapping on the IVS of precursor /3-globin RNA.
In RNA mapping, RNA samples are hybridized to end-
labeled single-stranded discrete-length chicken /3-globin
DNA probes. The RNADNA hybrid is briefly digested with
S1 nuclease and the partially digested products are electro-
phoresed on a sequencing gel. An area of the probe hybrid-
ized to RNA will be resistant to S1 nuclease digestion, and
this area will appear as a blank on an autoradiograph
compared with a control that has no /3-globin RNA included
in the hybridization mixture. The sequence of these regions
is identified by comparison with concomitant Maxam and
Gilbert (25) sequencing of the probe. In this way, the
sequence of the resistant RNA can be identified with accu-
racy.
This method relies on end-labeled single-stranded DNA
probes of discrete length, and the single-stranded DNA
fragments were isolated from the recombinant phage DNA of
M13 mp7 by digestion with BamHI (22). All the clones were
made by inserting ,B-globin DNA fragments into either the
HincII or Pst I site ofM13 mp7RF. The numbers shown with
the probes in Fig. 1 are based on the transcription start site
identified by Dolan et al. (21).
Nuclease-Resistant Region in the First IVS. The probe for
the first IVS contains the last four nucleotides of the first
exon, the entire first IVS, and the first eight nucleotides ofthe
second exon. When full-length precursor 3-globin RNA,
made by in vitro transcription of the cloned adult 83-globin
gene, was included in the hybridization reaction, the entire
probe was hybridized to the RNA and thus was not digested
by S1 nuclease (Fig. 2, lane a). When RNA from 50S hnRNP
was included in the hybridization reaction (lane c), only one
region was blank relative to the yeast RNA control (lanes b
and d). This region, where nuclease-resistant RNA in 50S
hnRNP is hybridized to the probe, is 28 nucleotides long
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FIG. 2. Mapping of a nuclease-resistant region in the first IVS of
3-globin precursor RNA. The probe for the first IVS (nucleotides
165-269) was hybridized with 0.24 ,ug ofan SP6 transcript of P-globin
genomic DNA (pGP11), (lane a); yeast RNA (lanes b and d); 10 ug
of RNA from 50S hnRNP (lane c). The sizes (in bases) of molecular
weight markers (M) are shown on the right. Lanes G, A+G, C+T,
and C are base-specific cleavage reactions. The area of nuclease-
resistance is shown as a solid block.







FIG. 3. Nuclease-resistant regions of the 5' end of the second
IVS. The probe, which extends from hucleotide 505 to 713, was
hybridized with yeast RNA (lanes a and g); with 0.5, 1, 2, 5, and 10
,ug ofRNA from SOS hnRNP (lanes b-f, respectively). See Fig. 2 for
details. Areas of nuclease-resistance (solid block) and intermediate
sensitivity (stippled block) are shown corresponding to brackets next
to the gel.
(nucleotides 208-235) and is two bases upstream from the
putative branch point adenine (nucleotide 237) for lariat
formation identified in this IVS (19). The result suggests that
a protein is bound to a region immediately upstream of the
lariat branch point in hnRNP and protects a 28-nucleotide-
long RNA region in the precursor P-globin RNA. The probe
has a few regions (15 nucleotides long or less) that are not
digested efficiently by S1 nuclease, even when no globin
RNA is included in the hybridization (lanes b and d).
Therefore, we cannot rule out the existence of another
resistant region, especially toward the 5' end of the first IVS.
If another resistant region exists, then it would have to be
<15 nucleotides long.
Nuclease-Resistant Regions in the Second IVS. Seven of the
probes shown in Fig. 1 contain sections of the second IVS,
but most ofthe IVS can be represented by three ofthe probes.
Because of space limitations, the results obtained with the
probes from nucleotides 505-713, 770-1034, and 1068-1324
are shown in this report. These probes cover all but 112
nucleotides of the second IVS. The results for the probe from
nucleotides 505-713 are shown in Fig. 3. When increasing
amounts of 50S hnRNP RNA are used in the hybridization
reactions (lanes b-), one region of hybridization can be
detected as a blank relative to the control (lanes a and g). That
region (nucleotides 665-713) is represented on the diagram by
a solid block. This nuclease-resistant region extends beyond
the end of the probe up to nucleotide 760. The region
(nucleotides 603-637) denoted by the stippled block is an area
of the probe that is not completely hybridized to RNA even at
the highest concentration of nuclease-resistant RNA tested.
In Fig. 4, a probe from nucleotide 770 to 1034 was used for
the mapping experiments. When RNA from 50S hnRNP was
used in the hybridizations (lanes b-4), two regions of RNA
hybridization (nucleotides 800-837 and nucleotides 862-920)
could be detected when compared with the control yeast RNA
(lanes a and g). On this particular gel, =60 nucleotides have
been electrophoresed off the gel. On another gel with aliquots
of the same samples, no hybridization was detected with the
first 60 nucleotides from the labeled end of the probe (not
shown).
The results with the last probe from the second IVS
(nucleotides 1068-1324) are shown in Fig. 5. When RNA
from 50S hnRNP was included (lane c), one region was
hybridized. This region is 24 nucleotides long (nucleotides
1238-1261) and is located 8 nucleotides upstream from the
putative branch site adenine (nucleotide 1269) for lariat
formation identified in this IVS (19). This region of hybrid-
ization is in the similar position in the second IVS as the
resistant region in the first IVS (see Fig. 2) and also covers
approximately the same length of the probe.
Contro Experiments. Our earlier experiments indicated that
there is very little protein-free RNA in 50S hnRNP and no
migration of proteins during digestion with nuclease (18).
Isolated 50S hnRNP particles were digested further with
micrococcal nuclease, and the results show that no more globin



































FIG. 4. Nuclease-resistant regions in the middle of the second
IVS. The probe, which extends from nucleotide 770 to 1034, was
hybridized with yeast RNA (lanes a and g); with 1, 5, 7.5, 10, and 15
1g ofRNA from SOs hnRNP (lanes b-f, respectively). See Fig. 2 for
details.
Micrococcal nuclease digests both single- and double-stranded
RNA. Thus, there appears to be no protein-free globin RNA in
50S hnRNP. Protein-free precursor globin RNA was complete-
ly digested by the enzyme under the condition used for digestion
of hnRNP. These results are in good agreement with the
conclusions drawn in our previous report (18).
To examine the presence of double-stranded regions of
globin RNA in 50S hnRNP, in vitro transcripts of the entire
f3globin gene were hybridized to themselves and digested
with RNase T1 for various times. RNase T1 does not digest
double-stranded regions of RNA, and the enzyme is useful
for studies on secondary structure ofRNA. The Ti-resistant
RNAs were used in mapping experiments just as RNA from
50S hnRNP had been used. The results show that not all of
the double-stranded regions in protein-free P3-globin RNA are
nuclease-resistant in hnRNP, and the nuclease-resistant re-
gions in 50S hnRNP particles contain both the single- and
double-stranded regions identified in protein-free ,B-globin
RNA. For example, the first 18 nucleotides of the 28-
nucleotide nuclease-resistant region in the first IVS are in a
double-stranded form (results not shown). Although it is not
certain that the secondary structure of free globin RNA is
necessarily maintained in hnRNP, the endogenous nuclease
in chicken reticulocyte nuclei appears to digest both single-
and double-stranded regions of the 83-globin precursor RNA.
DISCUSSION
Recently, we found that the 50S hnRNP containing mature
,3-globin RNA is assembled in an RNA sequence-specific
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FIG. 5. Nuclease-resistant regions in the 3' end of the second
IVS. The probe, which extends from nucleotide 1068 to 1324, was
hybridized to the full-length precursor RNA (0.24 gg) (lane a); yeast
RNA (lanes b and d); 20 Ag of SOS hnRNP (lanes c). See Fig. 2 for
details.
report, we focused on the specific assembly of precursor
/3-globin RNA in hnRNP by identifying nuclease-resistant
regions in the two IVS of adult ,3-globin RNA. The mapping
of nuclease-resistant regions in the exons of precursor RNA
is difficult because of the presence of an excess of processed
globin RNA in hnRNP. The results show that specific regions
of the IVS are resistant to nuclease digestion. The protection
from nuclease digestion is due to a close interaction with
proteins and not just resistance of the RNA to digestion by
endogenous nucleases. The control experiments described in
this report and the previous experiments with the whole
nuclei digested with micrococcal nuclease and 50S hnRNP
(18) suggest that the nuclease-resistant globin RNA frag-
ments are protected from nuclease digestion by bound
proteins and there is little protein-free RNA in 50S hnRNP.
Also, there is no protein migration during nuclease digestion
(18).
The regions of nuclease resistance in the two IVS are
diagrammed in Fig. 6A. There are only one identified resist-
ant region in the first IVS and four resistant regions in the
second IVS. The resistant regions found in the exons of
mature globin RNA, including the updated mapping results in
the second exon, are shown in Fig. 6B for comparison. It is
apparent in Fig. 6 that more of the sequence in the exons of
processed RNA is nuclease-resistant than the IVS of precur-
sor globin RNA (48% versus 29%). Also, some of the
stretches in the second IVS are quite large (96 nucleotides).
There is a long nuclease-sensitive region (320 nucleotides
long) in the second IVS. It is possible that this difference
reflects different organization of hnRNP involving precursor
and processed RNA.
The biological significance of the specific assembly of
hnRNP containing precursor and processed RNA is not clear
at the present time. However, it is apparent that precursor
RNA is processed as hnRNP in vivo and hnRNPs most likely















FIG. 6. Summary of the nuclease-resistant regions of the 3-globin RNA in 50S hnRNP. (A) The nuclease-resistant regions in the IVS of the
precursor 3-globin RNA are represented by solid blocks. The stippled block denotes a region of slight sensitivity. Nuclease-resistant regions
in the exons ofprecursorRNA were not determined because of technical difficulties, as discussed in the text. The position of the putative branch
site adenine for lariat formation during splicing is denoted by an "A" below the map. (B) The nuclease-resistant regions in processed 3-globin
RNA are shown with the same symbols as in A.
play important roles in some aspects ofRNA processing. The
mechanism of RNA splicing has been recently elucidated by
studying the processing of transcripts added to nuclear
extracts (28, 29). The first step in splicing is cleavage at the
5' splice site. The 5' end of IVS is joined by a 2',5'-
phosphodiester bond to a site (usually adenine) close to the
3' end of the IVS (28, 29). This lariat is formed at what has
been termed a 'T splice signal" that has been identified in
IVS of a number of eukaryotic systems (19, 28, 29). A
proposed consensus sequence for the 3' splice signal is 5'
-CT(A/G)A(C/T)- 3' and it resembles the yeast 3' splice
signal sequence 5' -TACTAAC- 3', which is essential for
splicing in vivo (30, 31). Recently, it was reported that the 3'
signal sequence affects splicing efficiency of precursor RNA
in mammalian cells (32). Zeitlin and Efstratiadis identified the
putative lariat formation site in chicken A-globin RNA (19),
and those sites are marked by an "A" in Fig. 6A. Thus, the
presence of a nuclease-resistant region immediately up-
stream of the lariat branch site in the globin IVS suggests a
possible involvement of hnRNP in RNA splicing. Recently,
Brody and Abelson reported that yeast precursor RNA and
splicing intermediates associate with a 40S complex in a yeast
splicing reaction (33). We also find that the chicken /3-globin
precursorRNA and splicing intermediates are assembled into
a 40S-60S complex in HeLa cell nuclear extract (unpublished
results). Thus, it is possible that even in an in vitro system
RNA splicing occurs in a hnRNP-like particle.
Recently, Keller and Noon proposed that U2 RNP may
interact with the 3' signal sequence (34). Based on the interac-
tion of small nuclear RNA-protein complexes with hnRNP (35,
36) and accumulating evidence for the requirement of small
nuclear RNA-protein complexes in RNA splicing (37, 38), it is
quite possible that the nuclease-resistant region immediately
upstream of the lariat branch site is due to binding of small
nuclear RNA-protein complexes such as U2 RNP.
We have also studied the effects of a deletion of the
nuclease-resistant region from the first IVS on the splicing of
the first two exons of /3-globin precursor RNA in vitro. This
precursor RNA is spliced at a much lower rate and uses a
cryptic 5' splice site instead of the original 5' splice site. It is
not known whether this is the result of the deletion of the
nuclease-resistant region or whether it is due to the decrease
in the length of the IVS.
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